We address the issue of flow effects on the phase behaviour of polymer nanocomposite melts by making use of a recently reported Hamiltonian set of evolution equations developed on principles of non-equilibrium thermodynamics. To this, we calculate the spinodal curve, by computing values for the nanoparticle radius as a function of the polymer radius-of-gyration for which the second derivative of the generalized free energy of the system becomes zero. Under equilibrium conditions, we recover the phase diagram predicted by Mackay et al. [Science 311, 1740[Science 311, (2006]. Under non-equilibrium conditions, we account for the extra terms in the free energy due to changes in the conformations of polymer chains by the shear flow. Overall, our model predicts that flow enhances miscibility, since the corresponding miscibility window opens up for non-zero shear rate values.
2 last decade due to their alluring and unique properties which render them ideal candidates for several applications. [1] [2] [3] But for these properties to be materialized in practice, some important issues must be resolved.
These are primarily related with the proper dispersion of nanoparticles (NPs) and the identification of the molecular or thermodynamic parameters controlling it, the changes in the conformational and relaxation properties of the polymer induced by the presence of NPs (in particular at high loadings), the respective role of NP size relative to the equilibrium size of polymer chains, the role of enthalpic and entropic interactions, the role of chain grafting, and the changes in the rheological properties of the nanocomposite melt. [3] [4] [5] [6] [7] [8] For these issues to be addressed, in addition to direct experimental investigations, theoretical models 8, 9 and molecular simulations 8, 10, 11 can be engaged to provide detailed molecular level understanding for the rational design and precise control of the properties of the final PNC product.
The miscibility of NPs with polymers has been the topic of intense study in the last years 3, 5, 6, [8] [9] [10] [11] [12] [13] [14] as NP aggregation has catastrophic effects on the properties of PNCs. 5, 7 This is because most combinations of polymers and NPs tend to be immiscible, since NPs aggregate either due to NP-NP van der Waals interactions or due to polymer-mediated interparticle attractions. 5 However, the proper and uniform dispersion of NPs within the polymer matrix is a prerequisite in accomplishing the desired properties of the designed PNCs. 1, [3] [4] [5] Focusing on spherical NPs, in particular, several studies in the last years have indicated that their proper dispersion in the polymer matrix can have a big impact on the macroscopic properties of the resulting nanoocmposite, 7, 8, 15, 16 ultimately related to the manufacturing process. 12 Mackay et al., 12, 17, 18 e.g., found
experimentally that the relative size of NPs (their radius, a) and the size of a chemically similar polymer chain (quantified through the radius-of-gyration of the neat polymer, R g0 ) influence miscibility so that a thermodynamically stable dispersion of NPs may only be achieved when R g0 is greater than a. A similar conclusion has been reached by Nakatani et al. 19 who observed swelling of poly(dimethyl siloxane) (PDMS) chains within PDMS/polysilicate nanocomposites only when R g0 >a (chain swelling is believed in practice to be a positive indicator of good NP dispersion).
Experimentally, one way to improve miscibility is by tailoring the matrix/nanoparticle interactions by modifying the surface properties of the NPs, e.g. by choosing a system with favourable hydrogen bonding interactions like a poly(2-vinylpyridine)/silica system 20 or by chain grafting to gain from the favourable interactions between grafted chains and polymer matrix. 5, 6, 11, 21 However, surface modification can lead to loss of material properties, 22 and for this reason the application of mechanical stresses (which have been shown to assist in breaking up NP aggregates allowing for better NP dispersion 7, [22] [23] [24] [25] ) is usually preferred. A common process is melt-blending by shear, a very attractive approach both from an economic and an environmental point of view (since solvents are not required during processing 26 ) producing nanocomposites with highly dispersed NPs. That shear can help increase the dispersion of spherical NPs within polymer matrices is also supported by simulations. 16, 22, 23 In the literature, shear has been quite often reported to induce changes 27, 28 in the solubility of polymers both in solutions and blends. [29] [30] [31] Rangel-Nafaile et al. 32 found that the cloud point shifts towards higher temperatures with shear stress, an effect which they described thermodynamically by considering the total free energy to be the sum of the Flory-Huggins free energy of mixing (assumed not to be affected by the flow) and the free energy due to deformation of polymer coils from the flow using an expression proposed by 44 We can mention, e.g., the expression for the free energy which should be independently derived from a microscopic model.
In a recent contribution 45 we presented a new set of dynamic equations for the rheology and microstructure of PNCs filled with spherical NPs based on the Hamiltonian formulation of transport phenomena in the framework of both the generalized bracket 34 and GENERIC 39 formalisms. In the present work we build upon this model to address how shear changes the miscibility window of the PNC melt. To this, we compute both the equilibrium and the extended (i.e., in the presence of flow) phase diagram by analysing the conditions under which the second derivative of the free energy vanishes (spinodal). The paper has the following structure: Section II provides a summary of the model (the interested reader is referred to the Ref. 45 for more details), Section III presents our results, and Section IV discusses the main conclusions of the work and possible future plans.
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ΙΙ. SUMMARY OF THE MODEL
The new set of equations is formulated in terms of two structural variables: the conformation tensor C defined above and the tensor a describing NP orientation subject to the constraint that   0 tr A  a where A 0 is the surface area of the NP. 45 We note here that the trace of the orientation tensor is a well-defined quantity also from a physical point of view, since it has the correct dimensions for our problem, namely of surface area, as it should in order to represent the surface of the nanoparticles. 
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The first term on the RHS of Eq. (1) . This term has the form of a Maier-Saupe type of entropy and in its present form is obtained when we employ Onsager's analysis for rigid rods. 49, 50 The fourth term accounts for all possible interactions (enthalpic, steric, topological) between polymer chains and NPs quantified through the parameter  ; it is a very important term in our model obtained in a similar fashion as the third one, when we calculate the excluded volume between an ellipsoidal NP and a polymer coil quantified by its radius of gyration. We also note that, as far as the first term is concerned, a change has been made with respect to the expression reported 
whereas the stress tensor is given as: The thermodynamic nature of the model offers the possibility to study rather straightforwardly (in addition to the steady-state rheological properties of a given PNC melt 45 ) its phase behaviour, namely the effect of shear flow on NP dispersion.
III. RESULTS AND DISCUSSION
A.The phase behaviour of a polymer nanocomposite at equilibrium. 
At equilibrium and using that 
Eq. (6) is similar to the one employed by de Luzuriaga et al. 13 analytically. Using the methodology proposed by Bird et al., 55 we then obtain the following analytical expressions for the dynamic viscosity  and the out-of-phase viscosity  : To compute the effect of shear stress on the phase behaviour of the PNC in the LVE limit we have numerically computed the spinodal, starting from Eq. (5) without any simplifying assumptions. 56 In this case, by using the same parameter values as in Fig. 3 , but by keeping just the slowest mode, we obtain the phase behaviour depicted in Fig. 4 . Clearly, the tilted V-shaped curve moves upwards by increasing the shear rate 
IV. CONCLUSIONS
We have employed a recently developed thermodynamic model to study the conformational properties ( Fig. 1) , phase behaviour (Figs. 2 and 4) , and linear ( Fig. 3) and nonlinear ( In the present study, we have further shown that the new set of evolution equations is capable of: a) reproducing the equilibrium phase diagram of a PNC, and b) predicting how this phase diagram is altered if a flow field (shear) is applied in the nanocomposite melt. The main conclusion of our work is that flow enhances NP miscibility because the miscibility window is opened up as We is increased. By capturing the interplay between flow and polymer conformations, our model provides answers to important questions for addressing several open issues in PNCs. Currently, the model is extended so that it may be able to predict the rheology and microstructural properties of entangled PNC melts and study the impact of NP clusteringaggregation on the rheological properties of the PNC.
